Abstract. The Leksell Gamma Knife is a standard radiosurgical tool for treating brain lesions by directing beams of gamma radiation to a specific region. The diameter of the gamma beams is confined by collimator systems and available collimator sizes are 4, 8, 14 and 18 mm. The reduction in dose rate for each collimator helmet is called the output factor (OPF). Experimental determination of OPFs is difficult due to the extremely narrow beams for which the dose is determined. In the present work, the PRESTA version of the EGS4 Monte Carlo code was used to obtain relative OPFs for the Leksell Gamma Knife for collimator sizes of 14, 8 and 4 mm (relative to that of the 18 mm collimator). A spherical probe with a radius of 1 mm was utilized in this computer experiment. Our Monte Carlo results gave OPFs of 0.974, 0.951 and 0.872 for the 14 mm, 8 mm and 4 mm collimators respectively, relative to the 18 mm collimator. Our calculated OPF for the 4 mm collimator helmet was more than 8% higher than the value currently used, but in good agreement with the average of experimental values obtained by various Gamma Knife centres throughout the world and with the value now recommended by the manufacturer, Elekta (Elekta Instrument AB, Skeppargatan 8, S-114 52 Stockholm, Sweden).
Introduction
The Leksell Gamma Knife is a standard radiosurgical tool for treatment of brain lesions. It directs beams of radiation to a specific region, to treat patients whose brain tumours or lesions are so deeply buried that conventional surgery is not possible. In a single session, 201 separate converging beams of ionizing radiation are directed to the targeted lesion with an accuracy of better than 0.3 mm (Elekta 1992a ). This 'cross firing' results in destruction of the lesion with sparing of adjacent normal brain tissues. Some gamma beams can be plugged to avoid vital organs receiving too much radiation. The diameter of the gamma beams is confined by collimator systems and the size and the shape of the target can be varied by the exchange of collimator helmets. Available collimator sizes are 4, 8, 14 and 18 mm.
The number of radiation beams used, the activity and age of the Co-60 sources and the diameter of the collimators determine the dose rate at different points within the patient's head. By convention the output delivered by the helmet with the 18 mm collimator is set as one. The smaller cross-sectional areas of the remaining three collimator helmets result in a reduction of the dose rate. The amount by which dose rate is reduced for each collimator helmet is called the output factor. The output factors are pre-stored in the treatment planning system, which is used in the calculation of the treatment irradiation time.
The experimental determination of OPFs is difficult. This is due to the extremely narrow beams for which the dose is determined. The experiment will be most difficult for beams from the narrowest collimator, so the OPF for the 4 mm collimator helmet is subject to the greatest degree of uncertainty.
The old recommended output factors for the 14, 8 and 4 mm collimators (relative to the 18 mm collimator) for the Leksell Gamma Knife unit were 0.984, 0.956 and 0.800 respectively (Elekta 1992b). The lack of charged particle equilibrium for narrow beams was presumed to be the cause of the difficulty in obtaining accurate measurements of the output factors. In recent years it has been suggested that the output factor (OPF) for the 4 mm collimator helmet requires adjustment. Dose measurements to better define the output factors have been performed by various Gamma Knife centres in Munich, Graz, Sheffield and Stockholm (Elekta 1998). The detectors employed included liquid ionization chambers, micro-TLDs and silicon diodes. GafChromic films were also used for back-up measurements. The average value of the OPF for the 4 mm collimator helmet thus obtained was 0.87 ± 0.02. Elekta, the manufacturer of the Gamma Knife units and their planning systems, suggested that the currently used value of 0.80 should be replaced by this new value of 0.87.
In the present work, Monte Carlo simulations were performed for the Leksell Gamma Knife (model B) with all 201 gamma beams used. Accurate OPFs were obtained and the new OPF for the 4 mm collimator helmet provided by Elekta was confirmed by our calculations.
Methodology
The Monte Carlo system employed is the PRESTA (parameter reduced electron-step transport algorithm) version of the EGS4 (electron gamma shower) computer code. Detailed descriptions of the structure of the EGS4 code can be found in Jenkins et al (1988) . For the simulation, the patient's head was modelled by a water phantom 160 mm in diameter. Each of the 201 sources located in the radiation unit consists of 20 Co-60 pellets 1 mm in diameter and 1 mm in length. Each source was therefore modelled by a cylinder 1 mm in diameter and 20 mm in length.
The Co-60 sources are arranged in a sector of a hemispherical surface with a radius of about 400 mm, and are distributed along five parallel circles separated from each other by an angle of 7.5
• (Elekta 1992a). The 201 radiation beams pass through the opening of the collimators to the target point. The diameters of the radiation beams at the focus are confined by the size of collimator which can be 4, 8, 14 or 18 mm. The probe (scoring bin) with a radius of 1 mm is at the centre of the spherical water phantom. The energy deposited within the scoring bin enables us to calculate the dose. Single shots with all 201 gamma beams opened were delivered at the centre (unit centre point: x = 100 mm, y = 100 mm, z = 100 mm) of the water phantom.
A total of 2.5 × 10 8 histories were performed for the 4, 8 and 14 mm collimator helmets, respectively. All history runs were divided into 50 batches for calculation of statistics. A total of 6 × 10 8 histories were performed for the 18 mm collimator helmet. The history runs were divided into 120 batches for calculation of statistics. The standard error for all calculations was less than 0.7%. The photon spectrum of Co-60 contained two peaks, namely 1.173 and 1.333 MeV. The cut-off energies for electrons and photons were set to be 0.521 and 0.01 MeV respectively. The latest collision and radiative stopping powers of ICRU 37 (ICRU 1984 were employed in the PEGS4 (pre-processor of EGS4) data file (Nelson 1989) . The long-sequence random number generator of James (1988) was employed. This random number possesses a sequence length of about 10 43 , effectively infinite for our calculation, and has about 10 9 independent sequences that can be selected from initial conditions. 
